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Abstract
The injection of CO2 by micro-bubbles is one of the promising technologies for CO2 dissolution into the formation
water. Realization of this technology requires stable generation of micro-bubbles underground. This research focuses
on CO2 injection through the porous filter, and evaluates the suited condition under which micro-bubbles are stably 
generated through a filter. The CO2/Water flow simulation with lattice Boltzmann method is conducted in this 
research. It is obtained that the radius of generated CO2 droplet is proportional to Weber number (the dimensionless
number defined as the ratio of inertia force to interfacial force).
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1. Introduction
In CO2 sequestration, injected CO2 gas is dissolved in formation water of deep aquifer (dissolution 
trap), and finally it will be trapped as carbonate mineral after chemical reactions (mineral trap). These two
CO2 trapping mechanisms are expected to be a stable and safety [1]. However, a large amount of CO2
dissolution takes a long time, therefore acceleration technologies of dissolution is required.
Injecting CO2 as micro-bubbles (defined as the CO2 gas bubble whose diameter is less than
1millimeter) is proposed as a promising technology for CO2 dissolution easily [2,3]. Micro-bubble has
three characteristics. (1) The specific surface area (surface area per unit volume) becomes large. (2) The
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pressure difference of inside and outside of bubble becomes large. Since the pressure difference is
proportional to the inverse of radius (Laplace s law), micro-bubble with small radius causes large pressure
difference. (3) The buoyant speed becomes slow because the speed is proportional to square of droplet 
diameter (Stokes s equation). These features are expected to promote CO2 dissolution in formation water
rapidly. Realization of this technology requires stable generations of CO2 micro-bubble underground.
The filtering method in which CO2 is filtered through a micro porous media is focused in the present
research because it is economical and easily applicable. This method has been researched with laboratory
experiments [3] and micro-bubble is successfully generated. However, the condition for efficient 
generation of micro-bubble is not been revealed. Since the efficiency of micro-bubble generation is 
dependent on various factors (e.g., pressure and temperature condition of CO2, injection rate, fluid
properties), this research challenges to evaluate the efficient conditions for micro-bubble generation by
using the fluid flow simulation of Lattice Boltzmann Method.
2. Numerical method
2.1. Overview of lattice Boltzmann method
Lattice Boltzmann method (LBM) is one of the computational fluid dynamics methods [4-7]. LBM is
the alternative numerical method for the conventional ones whose objective is solving Navier-Stokes 
equation. In LBM, fluid is represented as aggregation of imaginary fluid particles and the movement of 
these particles is statistically calculated. However, Navier-Stokes equation can be derived from lattice
Boltzmann equation, resulting in the adequacy that LBM can simulate fluid flow [8].
The fluid domain is divided into a regular grid, or lattice, with spacing the same length in every
coordinate (x, y and z). The group of fluid particles can exist only at the nodes with the given discrete 
velocities at discrete time step. D3Q15 model [7,9] is adopted for dividing calculation domain in this
research. D3Q15 represents that computational space is 3D, and fluid particles have 15 different discrete
velocities. The fluid particles at each node are allowed to move to 14 neighboring nodes or remain the
same node along discrete velocities. They are defined as shown below:
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Fig. 1. D3Q15 discrete velocity model.
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2.2. Free-energy model for multi-phase lattice Boltzmann simulation 
In order to treat two phase flow such as supercritical CO2 and the formation water, the free-energy 
model is adopted in this study.   Free-energy model is developed by Swift et al. for multi-phase lattice 
Boltzmann models [10], and the modified algorithm by Inamuro et al. is used in this research [11]. Free-
energy model enables us to consider energy of system thermodynamically and to treat a system of large 
difference of density and viscosity.  
Imaginary fluid particles are represented as density distribution function in LBM. Free-energy model 
has two distribution functions: fi and gi. The function of fi is used for the calculation of order parameter 
which separates two phases, and gi is used for the calculation of fluid velocity and pressure.  These 
distribution functions are updated by the following equations. 
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The x and t in these equations represent point of node and time, respectively. The variables of u,  and 
 represent velocity, density and viscosity of fluid. The function cif and 
c
ig are determined as following: 
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Note that subscripts ,  and  represent Cartesian coordinates ( , ,  = x, y, z) and they follow 
Einstein summation convention. In equation (4), f is a parameter which determines the interface width of  
two phase fluids, and g determines the strength of interfacial tension.  in the equation (9) is the 
Kronecker delta. The order parameter ( ) and predicted velocity is determined as below: 
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The density and viscosity at each node is computed by; 
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where L and G are maximum and minimum order parameters for distinguish two phases, L and G are 
the densities of liquid and gas phase, and L and G are the viscosities of liquid and gas phase, 
respectively.  
The predicted velocity is the fluid velocity without pressure difference, and this is not divergence free 
(div u*  0). Therefore, the correction of u* value is required in order to satisfy div u* = 0 by the 
following equations: 
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The equation (15) is Poisson s equation, and this can be solved with a variety of methods. In this study, 
this equation is solved in the frame work of LBM, that is, the following equation is used for solving 
equation (15): 
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where n is the number of iteration and the relaxation time h is given by 
.
2
11
h                                                                                                                                             (17) 
 
The pressure can be obtained by 
 
.
i
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2.3. Free-energy and interfacial tension 
The free energy of the whole system is represented as a function of order parameter as shown below: 
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The first term of integrand in right-hand side of equation (19) represents bulk free energy of fluid, which 
is defined as below with the simplified bulk free energy [12]: 
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where , b and pb are parameters determining bulk energy. The second term of integrand is the function 
which controls the shape of interface and interfacial tension, and k is the parameter determining the width 
of interface between CO2 gas and formation water. This is defined as 
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where LG is the value of interfacial tension between liquid and gas phase. The third term of right-hand 
side of equation (19) is the factor for the wettability. s is the order parameter of solid phase, and  
controls wettability defined as  
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where  is the function of contact angle. 
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3. Simulation condition 
The simulation study is basically conducted with changing following parameters:  
 Injection pressure of CO2 into the porous filter, 
 Injection rate of CO2. 
The geometry of porous filter is shown in Fig.2 and the filter is modeled with the packing of spherical 
grains. This research adopted a geometry model which has four grains forming pore-throat (constriction) 
and an additional grain under the pore-throat. The size of each grain and dimensions of simulation domain 
is as shown in Fig.2. The wettability of solid surface is configured as water-wet. 
The pressure and temperature condition has an effect on fluid properties (e.g., density, viscosity, 
interfacial tension). In our simulation, only the pressure condition is changed (7, 10, 15MPa) while 
temperature is fixed as 323K. The density, viscosity and interfacial tension with each pressure condition is 
shown in Tab.1. Although the density and viscosity of water slightly changes according to pressure,
these parameters of water are assumed to be constant in this study.  
 
Table 1. Density, viscosity and interfacial tension of water and CO2 phase in each pressure condition. Note that these parameters of 
water slightly change and are assumed as constant. 
 7MPa 10MPa 15MPa H2O 
Density (kg/m3) 170 386 700 1000 
Viscosity (×10-5 kg/m/s) 1.90 2.85 5.70 55.0 
Interfacial Tension (mN/m) 38.6 34.8 32.8  
 
The rate of CO2 injection is also important for the micro-bubble generation. Then, four values of 
injection rate are adopted in the simulation study. 
It is beneficial to use dimensionless numbers to describe each simulation condition.  In the following, 
the simulation condition is represented three kinds of dimensionless numbers: Reynolds, Capillary, and 
Weber number. Reynolds number is defined as the ratio of inertia force of injected fluid to viscous force. 
Capillary and Weber number are defined as the ratio of viscous force to interfacial force, inertia force to 
interfacial force, respectively. These dimensionless numbers are mathematically expressed as below [13]; 
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where Vin is injection rate of CO2,  is interfacial tension of CO2 and water. L is characteristic length of 
simulation.  
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Bounce-back scheme is adopted as the solid-fluid boundary condition [14,15], and periodic boundary is 
configured in x and y direction. The periodic boundary with pressure difference is applied in z direction 
[16], and CO2 is injected through the base plane in Fig. 2.  
 
Fig. 2. The geometry of porous filter model. The pore-throat exists among four spherical grains (blue), and additional one spherical 
grain is located under these four grains. 
4. Simulation Results and Discussions 
Fig.3 shows the CO2 flow through the porous media and generation of a micro-bubble after the filter. 
The red area represents water phase, the aqua blue and green color represents CO2 phase. The front of 
CO2 passes through the pore-throat, then the width of CO2 phase gets slimmer. At final stage of the 
simulation, a micro-bubble can be observed. 
 
4.1. Difference of micro-bubble generation with the change of injection pressure 
When considering CO2 injection into the underground reservoir, thermodynamic condition of reservoir 
layer is of great importance. This research focuses on pressure condition, and the fluid properties are 
changed with three conditions: 7MPa, 10MPa, 15MPa. Since the viscosity and density (input parameters 
of simulation) of water slightly changes in this simulation range of pressure as mentioned in previous 
section, only the properties of CO2 are changed. Note that the temperature condition is fixed as 323K in 
all simulation cases of this research. CO2 behaves as a gas in the PT condition of 7MPa-323K, whereas it 
behaves as supercritical in 10 and 15MPa - 323K. The injection rate is configured as 5.0 ×10-5. The 
dimensionless numbers for each condition are shown as below: 
 7MPa : Ca = 2.85 ×10-4, Re = 1.30×10-1, We = 3.70×10-5, 
 10MPa: Ca = 3.16 ×10-4, Re = 2.94×10-1, We = 9.30×10-5, 
 15MPa: Ca = 3.35 ×10-4, Re = 5.34×10-1, We = 1.79×10-4. 
 
The simulation results are shown in Fig.4. It is observed that lower pressure makes micro-bubble 
generation easier. The radius of bubble is 15.1 when the pressure is 7MPa, and 17.2 when the pressure is 
10MPa, whereas the bubble cannot be generated in the case of 15MPa. These results agree with the 
experimental results [3]. 
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Fig. 3. The state of CO2 and water phases in simulation studies. Blue and green color represents CO2 phase, red represents water 
phase. A micro-bubble generation can be observed at late steps in the simulation. 
 
Fig. 4. The last state of simulation study in different pressure condition. The micro-bubble can be observed in the condition of 7 and 
10MPa, 323K. In the condition of 15MPa, CO2 cannot take bubble-shape because it coalesces to the same phase by the effect of 
periodic boundary condition. This result means that the bubble size become much larger in the case of high pressure condition. 
4.2. Difference of micro-bubble generation with the change of injection rate 
Since it is predicted that the injection rate has an effect on micro-bubble generation, the case studies with 
changing injection rate are conducted. The injection rate is configured as 5.0×10-5, 6.0×10-5`, 7.0×10-5, 
1.0×10-4. The dimensionless numbers of each case are as shown below: 
 Vin = 5.0×10-5 : Ca = 2.85 ×10-4, Re = 1.30×10-1, We = 3.70×10-5, 
 Vin = 6.0×10-5 : Ca = 3.42 ×10-4, Re = 1.56×10-1, We = 5.32×10-5, 
 Vin = 7.0×10-5 : Ca = 3.99 ×10-4, Re = 1.82×10-1, We = 7.24×10-5,  
 Vin = 1.0×10-4 : Ca = 5.69 ×10-4, Re = 2.60×10-1, We = 1.48×10-4. 
 
Fig.5 shows the distribution of CO2 and water phases in a y-z plane. Fig.6 (a) represents the 
relationship between the radius of micro-bubble (RMB) and injection rate. These results suggest that small 
micro-bubble can be generated with lower injection rate. 
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4.3. Case studies  density, viscosity, interfacial tension effect on the radius of micro-bubble  
It can be observed in previous section that the pressure condition has an effect on micro-bubble 
generation. However, all the properties of CO2 changes with different pressure conditions, therefore it is 
difficult to identify which property becomes important for micro-bubble generation.  
The sensitivity analysis is conducted in this research about density, viscosity, and interfacial tension. 
The results of sensitivity analysis with density are shown in Fig.6 (b). The CO2 is injected with the rate of 
5.0×10-5 (blue plots) and 4.0×10-5 (red plots). The viscosity of CO2 and interfacial tension is configured as 
the same condition as 10 MPa and 323K. The density of CO2 is set as 170 and 386 (kg/m3) which 
correspond to those in the conditions of 7Mpa and 10MPa, 323K. The simulation condition and results are 
listed in Tab.2. It can be observed that large density results in larger bubble generation. 
The results of viscosity sensitivity analysis are shown in Fig.6 (c). The CO2 is injected with the rate of 
5.0×10-5. The density of CO2 and interfacial tension is configured as the same condition as 7MPa (blue 
plots) and 10 MPa (red plots), 323K. The viscosity of CO2 is set as 1.90×10-5, 2.85×10-5, and 5.70×10-5 
(kg/m/s) which correspond to those in the conditions of 7Mpa, 10MPa and 15 MPa, 323K. The simulation 
condition and results are listed in Tab.2 . These results suggest viscosity of CO2 has no effects on size of 
micro-bubble. 
The results of sensitivity analysis with interfacial tension are shown in Fig.6 (d) . The CO2 is injected 
with the rate of 5.0×10-5. The density and viscosity of CO2 is configured as the same condition as 10 MPa 
and 323K. The interfacial tension is set as 34.8 and 38.6 (mN/m) which correspond to those in the 
conditions of 7Mpa and 10MPa, 323K. The simulation conditions and results are listed in Tab.2. It can be 
observed that large interfacial tension results in small bubble generation.  
 
Table 2. The condition of injection rate, viscosity, density of CO2, and interfacial tension of case studies. The radius of bubble 
calculated from simulation results is also listed. 
Changed parameter Injection rate Viscosity (kg/m/s) IFT (mN/m) Density(kg/m3) Radius of droplet 
Density of CO2 5.0×10-5 2.85×10-5 34.8 170.0 15.5 
 5.0×10-5 2.85×10-5 34.8 386.0 17.2 
 4.0×10-5 2.85×10-5 34.8 170.0 14.8 
 4.0×10-5 2.85×10-5 34.8 386.0 16.2 
Viscosity of CO2 5.0×10-5 1.90×10-5 38.6 170.0 15.1 
 5.0×10-5 2.85×10-5 38.6 170.0 15.1 
 5.0×10-5 5.70×10-5 38.6 170.0 15.1 
 5.0×10-5 1.90×10-5 34.8 386.0 17.2 
 5.0×10-5 2.85×10-5 34.8 386.0 17.2 
 5.0×10-5 5.70×10-5 34.8 386.0 17.2 
Interfacial tension (IFT) 5.0×10-5 2.85×10-5 38.6 386.0 17.0 
 5.0×10-5 2.85×10-5 34.8 386.0 17.2 
 
\ 
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Fig. 5.The last state of simulation studies. It can be observed that the bubble size in high injection rate case is larger than in low 
injection rate case. And the dispersion point of CO2 phase rises as the injection rate increases. 
 
Fig. 6. The relationship between calculated radius of micro-bubble and (a) injection rate of CO2, (b) density of CO2, (c) the viscosity 
of CO2, and (d) the interfacial tension. It can be observed that the radius increases as the injection rate and density of injection fluid 
become larger. The viscosity has no effect on the bubble-size. The radius of bubble and interfacial tension have negative-correlation. 
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4.4. Discussion with Weber number 
The simulation results show the density, interfacial tension have influence on the micro-bubble 
generation and the radius of micro-bubble, whereas viscosity has no effect. Additionally, injection rate of 
CO2 is also an effective parameter for the size of micro-bubble. These three effective parameters are 
included in the definition of Weber number. 
Fig.7 shows the relationship between the radius of micro-bubble and Weber number. This graph 
includes all the simulation results which were obtained in this study. A good correlation with these values 
can be observed from the graph (see Fig. 7). Weber number is defined as the ratio of inertia force to 
capillary force, and is said to represent the deformability of fluid. The large Weber number represents 
deformable condition, which results in large bubble generation. 
 
Fig. 7. The relationship between radius of bubble and Weber number. The graph shows quite good positive correlation. 
5. Conclusion 
Lattice Boltzmann simulations for CO2 micro-bubble generation are conducted and the micro-bubble 
generation by filtering through a porous media can be observed from the study. The simulation studies 
suggest fluid properties and injection rate of CO2 have influences on the size of micro-bubbles. Then, the 
sensitivity analyses are conducted for revealing which parameter is effective on the size of a bubble. The 
analyses indicate that density, injection rate of CO2, and the interfacial tension are the key parameters 
determining the generated bubble-size. As a summary, the size of generated micro-bubble from a porous 
medium has quite good positive correlation to Weber number, which is defined as the ratio of inertia force 
to capillary force.  
Additionally, the present research indicates that lattice Boltzmann method is very useful for the 
simulation of bubble generation through the porous filter. Therefore, the designing filter for more efficient 
micro-bubble generation can be conducted with such a simulation studies. 
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